The aim of this review is to describe the state-of-art of the neotectonic setting of this area as well as to present new data resulting from a recent structural field survey. The integrated analysis of literature and new structural data shows incongruities mainly in some regional structures and in the ENE-WSW striking fault system that affects and controls the feeding system of Copahue volcano. In addition, taking into account the very recent volcanic activity, the structural constraints and the earthquakes occurred in the area close to the volcano, a static stress numerical model was applied to simulate the variations of the local stress perturbing the normal activity of the volcanic plumbing system favouring magma ascent and consequent eruptions. At present, a comprehensive structural model is lacking and more in-depth studies can furnish a complete tectonic framework of the area, which can provide fundamental information to assess volcanic hazard, forecast future volcanic activity, and to enhance the development of the associated geothermal field.
Introduction
Active tectonics is capable of influencing activity at volcanoes both at local and regional scale, controlling the feeding system geometry, the magma rising, and the growth-dismantlement phases of volcanic edifices (Marzocchi et al. 1993; Barrientos 1994; Decker et al. 1995; Bautista et al. 1996; Nostro et al. 1998; Bellotti et al. 2006; Walter and Amelung 2006; Norini et al. 2008 Norini et al. , 2010 Norini et al. , 2013 Groppelli and Norini 2011; Bonali et al. 2013; Bonali 2013) . Active tectonics also impacts the hydrothermal circulation and consequently geothermal fields in volcanic areas, by developing faults and fractures in the upper crust (e.g. Cameli et al. 1993; Brogi et al. 2010; Giordano et al. 2013; Norini et al. 2013) .
The purpose of this chapter is to present the state of the art on Copahue volcano, an active Andean volcano located in the eastern Andean Southern Volcanic Zone, where a close connection between tectonic control, volcanic activity and the associated geothermal field is well documented in previous works (e.g. Velez et al. 2011 , and references therein). The resolution of the neotectonic setting around Copahue volcano has been improved in this chapter by means of a detailed structural field survey performed in 2007, mainly devoted to recognising the evidence of active tectonics and the relationship among the fault pattern, the volcanic feeding system and the eruptive history.
Moreover, for the reason that large earthquakes could trigger volcanic activity at both close and large distances from the epicentre at regional scale (Linde and Sacks 1998; Hill et al. 2002; Marzocchi 2002a, b; Marzocchi et al. 2002; Manga and Brodsky 2006; Walter and Amelung 2007; Eggert and Walter 2009; Bebbington and Marzocchi 2011 ) in a time-frame of a few days after the earthquake event (Linde and Sacks 1998; Manga and Brodsky 2006; Eggert and Walter 2009; Moreno and Petit-Breuilh 1999) , a static stress numerical model was also applied to simulate the variations in the local stress induced by earthquakes on the plumbing system.
Structural data in combination with numerical modelling can provide fundamental information to forecast future volcanic activity and to assess volcanic hazard. Finally, the in-depth knowledge of the tectonic setting of Copahue volcano can enhance the development and exploitation of the geothermal field, because of the structural control on hydrothermal circulation Invernizzi et al. 2014 ).
Volcanotectonic Setting
As highlighted by Folguera et al. (2015) , the 2997 m-high Copahue active stratovolcano is located in the eastern part of the Southern Volcanic Zone (SVZ) (Fig. 2.1) . The deformation in the study area is partitioned in such a way that large thrust earthquakes dominantly occur in the subduction zone, whereas intra-arc transcurrent faulting events are observed (Barrientos and Ward 1990; Cisternas et al. 2005; Watt et al. 2009 ). Dextral strike-slip moment tensor solutions dominate between 34°and 46°S in the main cordillera (e.g. Chinn and Isacks 1983; Lange et al. 2008 ), although it is only south of 38°S that long-term strike-slip faulting shows surface evidence, represented by the 1200 km-long Liquiñe-Ofqui major intra-arc fault zone (LOFZ, Figs. 2.1 and 2.2; Cembrano et al. 1996; Folguera et al. 2002; Adriasola et al. 2006; Rosenau et al. 2006; Cembrano and Lara 2009 ). This dextral transpressional fault zone plays a fundamental role in controlling the magmatic activity along the volcanic front between 37°and 47°S Rosenau 2004) . López-Escobar et al. (1995) and Cembrano and Lara (2009) suggested that, with respect to the more contractional setting further north in the SVZ, the LOFZ allows a more rapid magma ascent with lesser occurrence of crustal assimilation or magma mixing (Collini et al. 2013) . Folguera et al. (2006 Folguera et al. ( , 2015 recognise a transition from the strike-slip fault zone to a thrust zone at approximately 37°S, testified by the merging of the LOFZ into the Agrio and the Malargue fold-and-thrust belts ( Fig. 2.1 ). This transition also corresponds to a thickening and ageing of the continental crust (Rojas Vera et al. 2014) , to longer crustal magma residence times, and to greater differentiation, crustal assimilation and magma mixing (Tormey et al. 1991) .
The name "Caviahue-Agrio caldera", where Copahue volcano is located (Figs. 2.2a and 2.3), encompasses both names that this structure was given in the literature, Caviahue caldera Velez et al. 2011) and Agrio caldera (Melnick and Folguera 2001; Rosenau et al. 2006; Rojas Vera et al. 2009 ) respectively. It is described as a pull-apart basin, a transtensional structural system developed in the northeastern end of the LOFZ by dextral movements in the late Pliocene (Melnick and Folguera 2001; Folguera et al. 2015) and part of the abovementioned transition zone between the Andean segments to the north and south . The LOFZ shows clear evidence of Plio-Quaternary dextral kinematics, and the main active fault of this area is the NE-striking Lomìn fault (LF in Fig. 2 .2), ending at the southwestern border of the Caviahue-Agrio caldera and representing the most relevant expression of a horsetail-like array and affecting Holocenic lavas of Copahue volcano (Melnick 2000; Melnick et al. 2006) . The white arrow indicates the approximate convergence direction of the plates with estimated velocity. Main intra-arc faults with reverse motion (thrust faults) in the north, and right lateral strike-slip motion in the south are reported (redrawn after Melnick et al. 2006; Cembrano and Lara 2009; Bonali 2013 Velez et al. (2011) it is reported as CCVC (Caviahue caldera-Copahue stratovolcano). A recent structural synthesis is provided by Folguera et al. (2015) and references therein. Here, the focus is on the evidence of active tectonics in the CAC area as reported in the literature, and further original field data are provided to understand the tectonic structures presently controlling the volcanic activity of Copahue and the geothermal resources of the area. The CAC represents an arc volcanic complex in an oblique subduction setting, and it is located in an important morphotectonic zone, transitional from strike-slip to thrust-dominated . It represents the central sector of the NE-trending, 90-km-long Callaqui-Copahue-Mandolegue (CCM) volcanic alignment ( Fig. 2.1 ), the longest Plio- Melnick et al. (2006) Quaternary volcanic alignment of the SVZ ) and regarded as a transfer zone accommodating the step-wise configuration of the strike-slip LOFZ, controlled at the arc front, and the Antinir-Copahue regional thrust-fold system (ACFZ in Fig. 2 .1, as defined in Folguera et al. 2004; Folguera and Ramos 2009; Velez et al. 2011 , also named CAFS in Melnick et al. 2006) , running through the inner retroarc (Melnick and Folguera 2001; Radic et al. 2002; Folguera et al. 2004; Melnick et al. 2006) , with persistent activity in the Holocene. Melnick and Folguera (2001) described the Quaternary volcano-tectonic phase of activity of the area as mixed transtensional and transpressive, in close spatial relation with the CCM volcanic alignment. The following subsections describe in detail the state of the art on the active structures in the CAC, in particular the Caviahue-Agrio caldera, the structures located south of Copahue volcano, the WNW-striking system, the Chancho-Co structures, and the Copahue Fault.
The Caviahue-Agrio Caldera
The Caviahue-Agrio caldera (Figs. 2.2 and 2.3), 15-km-long and 10-km-wide, formed as a volcanic feature with a strong structural control. Volcanic activity in the Caviahue-Agrio caldera area has been controlled by both the regional stress field imposed by plate convergence and by local structures formed at the intersection of regional fault systems . The main structures of the Caviahue-Agrio caldera area are represented by (1) the normal faults of the caldera border, building up-to-400-m high scarps affecting Lower Pliocene units, (2) the right-lateral strike-slip faults affecting Copahue postglacial lava flows in the Lomín valley to the Melnick et al. 2006) . Geothermal fields are indicated after Velez et al. (2011) south of the volcano, (3) the NE-trending fissure system controlling the effusive products of Copahue volcano and the hydrothermal manifestations inside the caldera, and (4) the NE-trending imbricated Chancho-Co fault system Ramos 2000, Mazzoni and Licitra 2000) , (5) the WNW-trending Caviahue graben, hosting the Agrio lake, and (6) the NE-striking reverse fault affecting the Cola de Zorro formation to the south of the volcano (Melnick and Folguera 2001) . Deflation processes at the intersection between the Caviahue graben and the Chancho-Co antiform have been recently recognized by radar interferometry (Ibáñez et al. 2008) . Moreover, the CAC area includes several active geothermal fields, showing manifestations of boiling pools and bubbling pools (Velez et al. 2011) , namely Las Máquinas, Maquinitas, Copahue, Anfiteatro and Chancho-Co ( Fig. 2. 3), which are aligned through the Chancho-Co frontal structures (Varekamp et al. 2001; Velez et al. 2011) .
In the northern and central part of the Caviahue-Agrio caldera, Folguera et al. (2004) and Rojas Vera et al. (2009) recognise reverse faults with subordinate righ-lateral components, affecting post-glacial products and displacing Quaternary morphologies, and producing small pull-apart basins. These structures are associated with the ENE-trending Mandolegue fault system, which represents a transfer zone between the LOFZ and the ACFZ, and whose western edge is represented by the Chancho-Co uplift. Based on fault activity in unconsolidated deposits, Folguera et al. (2004) suggests ongoing deformation for the ACFZ, an E-vergent arrangement of high-angle dextral transpressive and transtensive faults.
The Structures South of Copahue
To the south of Copahue and SW of the Caviahue-Agrio caldera, the NNE-striking Lomín Fault corresponding to the northern edge of the LOFZ, is another Quaternary-active strike slip structure with minor normal component (LF in Figs. 2.2 and 2.3; Folguera et al. 2004 ), for which Melnick et al. (2000) and Melnick et al. (2006) recognise neotectonic activity evidenced by 300-1000 m long and up to 5-10 m high fault scarps cutting Holocenic lavas erupted from the volcano, close to the Pucón-Mahuida Pass (Fig. 2.3 ). An at least Pleistocenic activity is recognized for the NE-striking structures affecting the southern flank of Copahue (Rojas Vera et al. 2009 ).
WNW-Striking Structures and Grabens
The WNW-striking normal fault system affects the eastern and central, as well as the northern and southern sectors of the caldera, cutting the Las Mellizas sequence and andesites from the base of Copahue volcano ( Fig. 2.3 ). These faults have a strong topographic expression, and from N to S they form the Trolope and Caviahue grabens, controlling the elongated shape of Lake Caviahue . The general strike of the Trolope and Caviahue grabens is parallel to the long axis of the rectangular Caviahue-Agrio caldera, and their formation is related to late Pliocene-Pleistocene reactivation of the caldera-pull-apart structure in response to dextral shear along the LOFZ ). The Quaternary extensional activity of these grabens represents the latest pulse of the caldera activity, and the Caviahue graben reveals a differential amount of extension from Copahue volcano to the east (Folguera et al. 2004 ). The Trolope graben affects the Las Mellizas formation, and its most recent control is over singlacial monogenetic cones (Rojas Vera et al. 2009 ). Copahue volcano is located at the intersection between two main structural systems, the WNW-trending Caviahue graben and the NE-trending Chancho-Co antiform (cfr. 2.3.4), the second main positive feature in the area ( Fig. 2. 3).
The Chancho-Co Structure
The Chancho-Co structure ( Fig. 2. 3) is located in the central to northern part of the CAC and is considered to have been active during the Pleistocene and Holocene, controlling the main active geothermal systems in the area that form an en-echélon arrangement ). The Chancho-Co is a N60°E trending elongated ridge (Folguera et al. 2004) , representing a transpressive imbricated structure whose development is linked to a series of SE-vergent NE-trending thrusts and associated hanging-wall anticlines (Folguera and Ramos 2000) , affecting Late Pliocene successions gathered in Las Mellizas Formation . Its uplift would have preceded the extension that led to the Caviahue graben formation (Rojas Vera et al. 2009) , and its front is in correspondence of the inhabited Copahue village. There is poor evidence of the potential Quaternary activity of these structures and of their relations with Copahue volcano, or of their deep control (Rojas Vera et al. 2009 ). The control on the Quaternary and present uplift of the Chancho-Co structure is exerted by a main NE-striking fault system and a subordinate WNW-striking system, coinciding with the geometry of the southernmost part of a gravimetric low (Rojas Vera et al. 2009 ).
Regarding neotectonic activity along this structure, several authors noticed that: (i) some reverse scarps, a few metres high, affect a glacial surface, together with open cracks (Folguera and Ramos 2000; Folguera et al. 2004) ; (ii) the southernmost of these reverse faults (defined as the "Copahue Fault" by Rojas Vera et al. 2009, cfr. 2.3.5 and Fig. 2. 3) marks the main topographic break, thrusting ignimbrites over Quaternary till-like deposits near the Copahue village ); (iii) Rojas Vera et al. (2009) describe south-facing reverse fault scarps that uplift the Chancho-Co antiform and affect less than 1 Ma-old volcanics and postglacial Copahue products, as well as Pleistocene glacial morphologies; (iv) extensional faults and open cracks (extended for tens of meters and reaching depths of 15 m) along the axis of the Chancho-Co anticlines, with scarps up to 3-m high, were described by Melnick et al. (2006) . They define small crestal grabens that trend slightly oblique to the reverse faults and the axis of the anticlines.
The Chancho-Co features do not fit with ground deformation contours determined from InSAR (Interferometric Synthetic Aperture Radar) studies observed by Velez et al. (2011) , who describe an oval-shaped deflation feature whose location is partially coincident with Copahue volcano and also extends north-eastward over the Chancho-Co elevation. Their conceptual model is compatible with the present geochemical, geological and geophysical evidence, and deflation is regarded as a possible trigger mechanism for phreatic eruptions as those observed in the last eruptive cycles of Copahue in 1992, 1995 and 2000. The few fault-slip data measured along the reverse fault scarps indicate oblique dextral transpressional motion, consistent with the en-echélon arrangement formed by the Anfiteatro, Copahue, and Las Maquinitas depressions as well as the slightly oblique trend of the crestal grabens and open cracks with respect to the main reverse faults (Figs. 2.3 and 2.4). Melnick et al. (2006) explain the Chanco-Co kinematics due to a local rotation of the regional stress field, and they do not provide any justification for the hydrothermal activity and hot springs occurring along planes perpendicular to the greatest horizontal stress (σ Hmax ). In fact, Melnick et al. (2006) state that magma ascent has occurred along planes perpendicular to the least principal horizontal stress, whereas hydrothermal activity and hot springs also occur along parallel planes. The geometries of the Chanco-Co indicate that the direction of shortening was oblique to the trend of the main contractional structures (Burbank and Anderson 2001; Melnick et al. 2006) . Finally, Melnick et al. (2006) suggest a tectonic control for the development of the caldera-related Chancho-Co block and of the N60°E-trending compressive structures located on its upper part, whereas they advance the hypothesis of gravitational instability being the cause for the normal faults affecting the resurgent block.
The Copahue Fault
Rojas Vera et al. (2009) describe the main topographic break affecting the Chancho-Co system of reverse faults as the "Copahue Fault", a system of reverse (thrust) scarps to the E of Las Mellizas lakes, some of them reaching the Trolope graben to the E (Fig. 2.3) , and cutting the Copahue lavas to the SW. They also highlight a parallelism between the uplift structures of the Chancho-Co and the alignment of post-glacial monogenetic centres and the active crater of Copahue, giving rise, as a whole, to a fault-and-scarp system extending more than 15 km. The study of uplifted Late Pliocene sequences over younger unconsolidated fluvial and colluvial deposits enabled Rojas Vera et al. (2009) to identify at least two periods of activity for the NE-striking Copahue Fault.
Active Tectonics -New Field Data
For a better understanding of the tectonic structures that control the volcanic activity of Copahue a structural survey in December 2007 mainly devoted to the neotectonic features was carried out. The frequent eruptions of Copahue volcano, the sharp scarps along its flanks and in the surroundings, as well as the presence of abundant springs, spa and geothermal wells and power plants ( Fig. 2.4a ) suggest the presence of recent and active tectonics in the area. During the field survey, the strike of fractures, fault scarps, dikes, eruptive fissures were measured, at the same time, the abundant evidence of a structural control linked to geothermal manifestations and alteration zones were considered. By plotting direction of all measured faults, fractures, eruptive fissures and dikes ( Fig. 2 .5), two main tectonic trends were recognized, a dominant one oriented ENE-WSW, and a secondary ESE-WNW trend (see also Fig. 2.4a ). These two trends correspond to the well known structures affecting the CAC, as described in the previous paragraph (e.g. Folguera et al. 2004; Melnick et al. 2006; Rojas Vera et al. 2009 ). The ESE-WNW-oriented structures mainly crop out along the lower northeastern flank of Copahue volcano, where the springs are aligned along this trend (Fig. 2.4b) as well as the alteration zones due to hydrothermal circulation. Along the same structure a geothermal well is in operation (Las Mellizas lake, Fig. 2.4b) , and a recent lava flow shows open fractures (Fig. 2.4b ). This trend results parallel to a regional one that is affecting the northern border of Copahue and shows its morphological expression also in the Caviahue lake and at the Copahue pass ( Fig. 2.4a ). In addition, close to the Copahue village, in the large crateric depression called Anfiteatro, two N120°E-aligned lava domes are emplaced.
The ENE-WSW-oriented structures show a more complex trend but, at the same time, they testify to the presence of more recent activity, with open fractures, soil displacement, etc (Figs. 2.4a, b, and 2.6a, b). They were defined as the Copahue Village Fault System (CVFS- Fig. 2.4a ). Such fault system partially comprises the previous defined Chancho-Co structure and Copahue Fault (Melnik et al. 2006; Rojas Vera et al. 2009 ), but in this case it is characterised by a different kinematics. The system is affecting Copahue volcano (Fig. 2.4a) , where the summit vents and craters are aligned along a N60-70°E -striking trend. More specifically, in the summit area a dike strikes N60°E (Fig. 2.7f, g ). The southern rim of the summit crater lake (Fig. 2.7b ) is affected by N55°E-striking fractures, showing a left-step en-echelon arrangement. Following the same trend, on the NE flank of Copahue volcano numerous eruptive fissures are present, with a N65°E-N78°E-striking orientation. The Copahue village is located inside a graben with a general N60°-70°E-striking trend and extending towards Copahue volcano (see Fig. 2.4a, b) . The main graben, 3 km long and 2 km wide, is bordered by two main normal faults, along with some minor structures that form smaller asymmetric grabens. In detail, these smaller grabens are made of several discontinuous normal faults, whose trace is usually bent, locally forming a step morphology (Fig. 2.6a, b) . All the faults show normal kinematics, striking from N50°E-N70°E, with a vertical displacement ranging from 50 cm to 30 m, and usually of some meters, often associated with open fractures unfilled by sediments or soil. Most faults and fractures are also recognisable on aerial photos (Fig. 2.6a, b) . Frequently, the ground is also affected by open fractures, with opening up to 20 cm, or small faults with a maximum vertical displacement of 50 cm. This is a clear evidence of ongoing tectonic deformation, as shown also by interferometric data reported in Velez et al. (2011, this book) . In addition to the normal component, the main structure bordering the northern side of the graben (see arrow in Fig. 2.6a ) also shows strike-slip kinematics. In particular, close to the scarp rim, this structure presents 30 m of vertical displacement associated with a dextral strike-slip component and an estimated offset of a few centimetres, not feasible to be measured in the field (Fig. 2.7c, d ). 1.5 km eastward along the structure discussed above, a sub-vertical fault plane was measured, striking N75°E and dipping 88°, affecting a lava flow. On this fault plane slickenlines are present, and a pitch angle of 45°W (Figs. 2.4b and 2.7e) confirms its transtensive kinematics.
In addition, two dikes belonging to the same trend were recognized, which were intruded into a fault plane along the southern wall of the Caviahue caldera, close to the Pucón Mahuida pass. They strike N47°E-N52°E, with a left-stepping en-echélon arrangement. One of these dikes is aphyric and 2-m-thick, the second is porphyritic and 4-m-thick, with abundant phenocrysts of plagioclase, pyroxene and olivine (Fig. 2.7f, g ).
The kinematics of CVFS is transtensive, characterized by metric extensional fault scarps that border an ENE-WSW striking graben (Fig. 2.4b ), associated with a minor dextral strike-slip component indicated by slickenlines, en-echélon arrangements of dikes and fractures, as shown by field and morphological observations from our work, and interferometric data (Velez et al. 2011) . Therefore, the tectonic extension of the CVFS has modelled the large graben that also affects the Copahue village. This kinematics is in agreement with the estimated direction of the maximum horizontal stress in this area (N80°E-N90°E, Cembrano and Lara 2009 ). In addition, the two tectonic trends (ENE-WSW and ESE-WNW, Figs. 2.4a and 2.5) may represent a conjugate fault system and are responsible for driving hot fluids to the surface (geothermal springs) in the area of Copahue village and Las Mellizas Lakes.
Volcano Feeding System
During the Quaternary, the volcanic activity of Copahue has concentrated along the NE-trending, 90-km-long CCM (Fig. 2.1 ). Such lineament is the longest of the SVZ and it is interpreted as a crustal-scale transfer zone inherited from a Miocene rifted basin ). In particular, along this lineament are present the N60°E-elongated Callaqui volcano to the SW, the Copahue stratovolcano, and the Caviahue-Agrio caldera to the NE ( Fig. 2.2 ; Moreno and Lahsen 1986; Melnick et al. 2006 ). Local structures formed at the intersection of regional fault systems control the volcanic activity along the CAC alignment . The N60°E-striking structural control of the CCM transfer zone is also suggested at local scale by Holocenic fault scarps affecting the volcano eastern slopes as well as by post-glacial vent alignments ( Fig. 2.2 ; Melnick et al. 2006 ). The Holocene activity of Copahue is testified by aligned parasitic cones, fissure-related pyroclastic flows, along with activity from the summit craters, with basaltic-andesitic products . In particular, the volcano is formed by the superimposition of several emission centres along a main NE-striking fissure, and the volcano summit has nine craters aligned N60°E, four of which post-glacial (Rojas Vera et al. 2009 ) and the eastern-most being presently active (Velez et al. 2011 ). The NE-striking fracture system affects the most recent lava flows in the NE flank of the volcano, together with the structures affecting the Chancho-Co (Rojas Vera et al. 2009 ). It has the same trend of the transtensive CVFS described in this chapter (cfr. 2.4). Based on the hypothesis that magmas rise along steeply-inclined intrusive sheets, propagating normal to the least principal Fig. 2.4b ). f NE-striking fault. The fault plane is intruded by dikes. g Close-up view of the dike striking N50°E. For further explanation, please see Sect. 2.4 horizontal stress (σ Hmin ), and form dyke swarms (Dieterich 1988; Walter and Schmincke 2002) and aligned parasitic cones (Nakamura 1977; Tibaldi 1995; Corazzato and Tibaldi 2006; Bonali et al. 2011) . Bonali (2013) proposed that magma at Copahue rises along vertical or subvertical planes striking about N60°E, perpendicular to σ Hmin (in agreement with Melnick et al. 2006) . This is supported by the evidence that the Quaternary least principal stress axis (σ 3 ) trends NW and it is mostly sub-horizontal, as suggested by the inversion of fault-slip data between 37°S-46°S in the SVZ Arancibia et al. 1999; Cembrano et al. 2000; Potent and Reuther 2001; Lara et al. 2006; Cembrano and Lara 2009 ). Furthermore Mamani et al. (2000) , based on magnetotelluric soundings, suggest the possible presence of a magma chamber at a depth between 9 and 20 km.
Elastic Interactions Between Recent Faulting and Copahue
This section explores how active tectonics is capable of influencing the normal volcanic activity at Copahue volcano. Active tectonics along the SVZ is represented by faulting that produces earthquakes both along the subduction zone and along the intra-arc active faults. Such phenomena are capable of influencing the normal volcanic activity by inducing stress changes (static, quasi static and dynamic), as suggested in the literature (Hill et al. 2002; Marzocchi et al. 2002; Manga and Brodsky 2006) . Several authors pointed out that the delay between the earthquake and the following volcanic events can be from seconds to years, because of the complexity of volcanic systems (Linde and Sacks 1998; Nostro et al. 1998; McLeod and Tait 1999; Walter and Amelung 2007; Eggert and Walter 2009) , despite the present lack of a thorough constraint. Regarding the SVZ, Watt et al. (2009) and May 1960 (M w 9.5), and this increase occurred one and 3 years after the earthquakes. The static stress change is the variation in the stress field from just before an earthquake to shortly after the seismic waves have decayed (Hill et al. 2002) . Such change is invoked as an explanation for eruption-leading processes occurring in regions close to the fault rupture (e.g., Walter and Amelung 2007; Bonali 2013; Bonali et al. 2013 ). Quasi-static stress change occurs over a period of years to decades, and it is associated with slow viscous relaxation of the lower crust and upper mantle beneath the epicentre of a large earthquake (Freed and Lin 2002; Marzocchi 2002a, b; Marzocchi et al. 2002) . Dynamic stress, associated with the passage of seismic waves, is often regarded as a possible eruption trigger at greater distances (Linde and Sacks 1998; Manga and Brodsky 2006; Delle Donne et al. 2010) .
A new method, regarding the static stress changes imparted by the earthquakes on the reconstructed volcano magma pathway (e.g. Bonali et al. 2013; Bonali 2013) , was followed.
Conceptual Model and Modelling Strategy
In order to study a possible relationship between earthquakes and volcanic activity in the Copahue area, the normal stress change, imparted on the volcano magma pathway (e.g. Nostro et al. 1998; Walter 2007; Bonali et al. 2012 ) by M w ≥ 8 earthquakes occurred in front of the SVZ, was calculated . The numerical models using the Coulomb 3.3 software (Lin and Stein 2004; Toda et al. 2005 ) was performed. Calculations are made in an elastic half-space with uniform isotropic elastic properties following Okada's (1992) formulae that allow to calculate the static normal stress change resolved on a volcano magma pathway, independently from the rake angle of the receiver structure and from the friction coefficient used in the model. The reconstructed magma pathway of Copahue volcano was assumed as a N60°E-striking vertical plane, as explained in Sect. 2.5, and different attitudes were also tested by changing the dip angles (50°, 70°and 90°). Its reconstructed geometry also mimics the Quaternary geometry of active faults reported in this work, striking ENE-WSW. The upper crust was modelled as an elastic isotropic half-space characterized by a Young's modulus E = 80 GPa and a Poisson's ratio ν = 0.25 based on Mithen (1982) , King et al. (1994) , Lin and Stein (2004) and Toda et al. (2005) ; a lower value of the Young's modulus would only have the effect of reducing the magnitude of static stress changes. Regarding the finite fault model used to simulate earthquake effects, for the 1960 earthquake the fault solutions proposed by Barrientos and Ward (1990) based on tsunami wave form inversion was used, whereas for the 2010 earthquake the fault solutions proposed by Lin et al. (2013) , based on InSAR, GPS and teleseismic data, was used. The input stress field for both earthquakes is reported in Table 2 .1, based on T, N and P axis of related focal mechanisms. Furthermore, it has been evaluated the possible contribution of earthquake-induced static stress changes due to crustal earthquakes occurred between the 1907 and the 2010 Chile earthquakes available in a digital database provided by USGS (http:// earthquake.usgs.gov). Fault geometries and kinematics are based on focal mechanism solutions (http://earthquake.usgs.gov; http://www. gmtproject.it/) when available, and geometries and kinematics of active faults reported in the literature Cembrano and Lara 2009 ). Fault dimensions were based on empirical relations (Wells and Coppersmith 1994; Toda et al. 2011) . The earthquake-induced normal stress changes on Copahue feeding system, possibly imparted by earthquakes with M w ≥ 4 and a depth between 0 and 70 km (http:// earthquake.usgs.gov), was also resovled.
Interaction Between the Subduction Zone and the Volcano
It is commonly suggested that large subduction earthquakes are capable of inducing static stress perturbations on the fault hanging wall block, also promoting volcanic eruptions (Barrientos 1994; Lin and Stein 2004 ; Walter and Amelung Table 2 .1 Characteristics for the four M w ≥ 8 earthquakes and finite fault models: date of the event, magnitude, search radius, fault rupture length (Comte et al. 1986; Lomnitz 1970; Kelleher 1972; Lomnitz 1985; Okal 2005; Watt et al. 2009; Lin et al. 2013 Bonali et al. 2013) . Static stress change is the difference in the stress field from just before an earthquake to shortly after the seismic waves have decayed (Hill et al. 2002) , and it is proposed as a mechanism capable of leading eruptions in regions close to the fault rupture (e.g., Walter and Amelung 2007; Bonali et al. 2013) . Altought a first theory suggested that magma could be squeezed upward by increased compressional stress in the crust surrounding a magma chamber close to its critical state (e.g. Bautista et al. 1996) , more recent findings agreed that earthquake-induced static (permanent) normal stress reduction on magma pathway (unclamping) could promote dyke intrusion and following eruptions (e.g. Hill et al. 2002; Walter 2007) . Furthermore, Walter and Amelung (2007) suggested that earthquake-induced volumetric expansion can increase the magma-gas pressure and encourage eruptions in a time frame of years. Finally, Bonali et al. (2013) advanced the hypothesis that unrest at volcanoes with deep magma chambers is encouraged by magma pathway unclamping.
Results of numerical modelling suggest that both the 1960 and 2010 subduction earthquakes were capable of inducing unclamping at vertical or subvertical magma pathway of Copahue volcano ( Fig. 2.8) . Regarding the 1960 earthquake-induced static stress changes (Fig. 2.8a, b) , unclamping is higher for a vertical or SE-dipping magma pathway and it increases with depth, while it decreases with depth for a NW-dipping magma pathway, and it results in clamping at a depth between 5-9 km for the 50°-NW-dipping pathway (Fig. 2.8b) . Regarding the 2010 earthquake-induced static stress changes, the magma pathway (Fig. 2.8c) is always affected by a normal stress reduction (unclamping) within a depth range of 1-9 km below the volcano base (Fig. 2.8d) . Magnitude of unclamping slightly decreases with depth, and ranges from −0.258 to −0.147 MPa (Bonali 2013) , and decreases with decreasing dip angle of the magma pathway (Fig. 2.8d) . Although positive feedbacks due to dynamic and post-seismic stress changes could not be excluded, large subduction earthquakes seems to be capable of favouring volcanic activity at Copahue due to earthquake-induced static (permanent) normal stress reduction on its magma pathway (e.g. Hill et al. 2002; Walter 2007 ) at a distance of 257-353 km and up to 3 years following subduction earthquakes (Bonali 2013; Bonali et al. 2013) . Such hypothesis is supported by some suggestion proposed in Marzocchi (2002a, b) where coseismic stress changes are candidate to promote eruptions in the 0-5 years after earthquakes as far as 100-300 km from the epicentre (i.e. 38 h after the 1960 Valdivia 9.5 M w earthquake the Cordon Caulle erupted; Petit-Breuilh 1999, Collini et al. 2013) . Regarding the time delay, Marzocchi (2002a, b) has proposed that: (i) the inertia of the volcanic system in reacting to the static stress changes, (ii) a non perfect elasticity of the crust and/or (iii) stress corrosion effect (e.g., Main and Meredith 1991) , are processes candidate to explain a time delay of 0-5 years. Other mechanisms that could have promoted unrest at Copahue, following such earthquakes, regard postseismic-induced stress/strain (Marzocchi 2002a, b; Marzocchi et al. 2002) and dynamic stress changes (Manga and Brodsky 2006) . As proposed by Marzocchi et al. (2002) and Freed and Lin (2002) , quasi-static stress change, which is a post-seismically-induced effect, could promote eruptions over a period of years to decades. Marzocchi (2002a, b) suggested a time window of about 30-35 years after earthquakes, compatibly to the relaxation time of a viscous asthenosphere (Piersanti et al. 1995 (Piersanti et al. , 1997 Pollitz et al. 1998; Kenner and Segall 2000) . Regarding the dynamic stress changes, such effects may excite and promote ascent of gas bubbles, and consequently magma ascent (Manga and Brodsky 2006) , the details of the feedback mechanisms remaining unclear and are nowadays discussed in the literature. It is proposed that dynamic effects is capable of promoting bubble growth, including adjective overpressure (Linde et al. 1994) , rectified diffusion (Brodsky et al. 1998; Ichihara and Brodsky 2006) and shear strain (Sumita and Manga 2008) . Copahue experienced 9 eruptions since 1900 (Global Volcanism Program Digital Information Series), five of which in the last 21 years (Fig. 2.9 ). In detail, four eruptions occurred in the time-frame 1992-2000, the recentmost eruption (2012) occurred instead after the 2010 Chile earthquake, under unclamping conditions of the magma pathway. The Copahue magma pathway was affected by normal stress reduction also after the 1960 Valdivia earthquake, and the volcano erupted certainly in 1961. .5 earthquake-induced normal stress change resolved on the N60°E-striking Copahue magma pathway at a depth of 4.5 km below the volcano base. Red colours represent a normal static stress reduction on the receiver plane, blue colours represent an increase. The black triangle locates Copahue volcano. The finite fault model used is from Barrientos and Ward (1990) , and b shows the normal stress change for vertical as well as inclined receiver surfaces (attitude expressed as dip direction/dip angle), in a depth range of 1-9 km below the volcano. c Contour map of the M w 8.8 2010 earthquake-induced normal stress change resolved on the N60°E-striking Copahue magma pathway at a depth of 4.5 km below the volcano base. The finite fault model used here is from Lin et al. (2013) , and d shows the normal stress change for vertical as well as inclined receiver surfaces in a depth range of 1-9 km below the volcano
Effect of the Surrounding Structures on the Volcano
Our analysis of the possible contribution of earthquake-induced static stress changes due to crustal earthquakes with M w 4-6.6 (http:// earthquake.usgs.gov) reveals that only one out of 2727 earthquakes (Fig. 2.10a ) was capable of inducing static normal stress changes on the Copahue magma pathway (Fig. 2.10b ). Such earthquake occurred on 31/12/2006 with M w of 5.6 at a distance of about 11 km from the volcano. The hypocenter was 20.6 km deep (http:// earthquake.usgs.gov) and the kinematics was dextral strike-slip ( Fig. 2.10a) . Results of the numerical modelling carried out considering different dip angles of the N60°E-striking magma pathway suggest that such surface suffered a normal stress reduction when vertical or subvertical, SE-dipping. A subvertical NW-dipping pathway is instead sometimes affected by normal stress increase with depth. When considering a less inclined NW-dipping pathway, no relevant normal stress changes are observed (Fig. 2.10b) . Whatever the case, the stress change imparted by the 2010 earthquake is two orders of magnitude greater than the contribution of the 2006 seismic event.
Discussion
The role of structures in a volcanic area is unquestionable because they control the magma storage and drive the magma rising, as well as the location of vents and the evolution of a volcano (e.g. Bellotti et al. 2006; Norini et al. 2013) . In this way, by examining the structural data published up to now on Copahue volcano (see Sect. 2.3), it is evident that a comprehensive model is lacking and a large discussion is ongoing. In this section, all these available data were summarised, showing that there are some divergences among them and the related models. In addition, the new field data presented here (see Sect. 2.4), which cover only some portions of the volcanic area and consider mainly the recent and present volcano-tectonic activity, were considered. The long geological history of this sector of the Andes results in a really complex pattern of structures, with the superimposition of different tectonic phases. In detail, the complex structural setting displayed by Melnick et al. (2006) (Fig. 2.3) shows the presence of several generations of faults because of the variable position in time and somewhere in space of σ hmax in the entire area. South of Copahue volcano there is a set of structures parallel to each others, striking NNE-SSW and with conflicting kinematics, as strike-slip faults parallel to normal faults and folds (anticlines and synclines). In addition, perpendicular to this direction a thrust system is emplaced. These features cannot be easily reconciled and could be explained to be the result of two or more generations of structures and/or of the heritage of older phases. Also in the Anfiteatro area, close to the Copahue village, there is another evident incompatibility between a set of reverse faults associated with fold anticlines and the normal faults parallel to them, and the geothermal field alignment , Fig. 2.3 ).
In view of the main structures affecting Copahue volcano there is a general agreement among the authors that the ENE-WSW-striking lineament is the most important, because of active vents and summit craters alignment. This feature represents the local expression of the regional CMC structure (Figs. 2.1, 2.2, 2.3 and 2.4), a transfer fault system that links the LOFZ to the ACFZ Velez et al. 2011 ) along with three volcanoes are located (Callaqui, Copahue and Mandolegue) . This fault system extends in the area close to the Copahue Village and Anfiteatro where vertical displacements, mainly reversal, associated with a right-lateral component have been identified. Some of these structures are named Chancho-Co and Copahue Fault (Fig. 2.3 ) (e.g. Folguera et al. 2004; Melnick et al. 2006; Rojas Vera et al. 2009 with some differences among their models). In our neotectonic survey (Figs. 2. 4, 2.6 and 2.7) any evidence of recent reverse faults was identified; instead, based on our field data, they were considered as normal faults with a dextral strike-slip component. The subvertical geometry .6 earthquake-induced normal stress change resolved on the N60°E-striking reconstructed Copahue magma pathway. Vertical as well as inclined receiver surfaces are taken into account (attitude expressed as dip direction/dip angle), in a depth range of 1-9 km below the volcano of the faults (and their graben-like arrangement), the displacements, the presence of open fractures (up to 20 cm wide) and the few slickenlines suggest a normal-oblique kinematics for these structures. This normal fault system was named as Copahue Village Fault System (CVFS) was finally proposed. The CVFS kinematics is in agreement with the deflation observed by Velez et al. (2011) , confirming that these are the recentmost structures in the area, and thus they are more recent than the Chanco-Co structure. As suggested by Melnick et al. (2006) , no evidence of folds on the topographic surface was identified; the lava flows display a tabular geometry, and local folding can be explained with the rotation due to the normal movements (drag) along the fault plane. The coeval presence of fold anticlines and parallel reverse faults can be related to the same stress field, but in this case the σ hmax has to be rotated (about 90°) with respect to the regional one (N80°E-N90°E; Cembrano and Lara 2009). On the contrary, considering the new structural data, the resulting σ hmax is in agreement with the regional one and the main geothermal sources are located in extensional and transtensional settings associated to a general deflation observed by InSAR data (Velez et al. 2011) . Another evidence of extensional regime for the CVFS is suggested by the geometry of the plumbing system, striking almost parallel to this fault system. A previous shortening phase marked by folds and thrusts cannot be excluded, as recognised in the field and described in many outcrops by, among the others, Folguera et al. (2004) , Melnick et al. (2006) and Rojas Vera et al. (2009) . Conversely, the normal pattern recognised in our recent survey close to the Anfiteatro needs to be confirmed by more extensive surveys, also to recognise possibile diverse recent tectonic phases. Taking into account all the available data and models proposed for the area close to the Copahue village, an in-depth study appears necessary to better understand the structural setting and its evolution, allowing to recognise two or more possible tectonic phases. In addition, further studies should address the determination of the displacement rate of the active structures, because of their importance for volcanic and seismic hazard and for geothermal exploitation.
Results of numerical models show that active tectonics is capable of perturbing the normal activity at Copahue due to static stress transfer. In the studied cases both 1960 and 2010 subduction earthquakes induced a normal stress reduction on volcano magma pathway, favouring dyke intrusion (e.g., Hill et al. 2002; Walter 2007; Walter and Amelung 2007) . Minor events, occurred along intra-arc faults, were also capable of producing the same effect, but with minor intensity.
Final Remarks
This review presents the state-of-art about tectonic data in the CAC and surroundings area as well as includes some new neotectonic data around Copahue volcano. The main points are summarised as follow:
1. Different structural models have been proposed right now, but a comprehensive model is lacking and further in-depth studies are necessary. 2. A main ENE-WSW striking structure affects Copahue volcano and represents the local expression of the CCM transfer zone. This structure is inferred to control the magma pathway and the volcano evolution. There is no agreement on the normal or reverse kinematics related to the present activity of the CVFS. The possible reverse movement of this fault system needs a rotation of the regional σ hmax , while the normal one is in agreement with it. 3. A better knowledge of the CVFS activity, the potential presence of two or more phases and the understanding of its Holocenic strain rate are fundamental goals for further and in-depth structural studies. In fact, a more detailed and complete tectonic setting of the CAC should represent a fundamental result also for the general geological-structural model of this area, providing structural constraints for the magma storage, pathway and rising, and representing an essential issue also for volcanic hazard assessment, as well as for enancing the exploitation of the geothermal system. 4. Active tectonics is capable of perturbing the normal activity at Copahue volcano due to earthquake-induced static stress changes. As result of numerical modelling, both 1960 and 2010 large subduction earthquakes induced unclamping on Copahue feeding system, favouring following eruptions. Very low unclamping was also induced by one crustal earthquake occurred after the pre-2012 eruption and before the 2010 earthquake.
